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Placental-weight is a valuable indicator of its function, predicting both pregnancy 22 
outcome and lifelong health. Population-based centile charts of weight-for-23 
gestational-age and parity are useful for identifying extremes of placental-weight but 24 
fail to consider maternal size. To address this deficit a multiple regression model was 25 
fitted to derive coefficients for predicting normal placental-weight using records from 26 
healthy pregnancies of nulliparous/multiparous women of differing height and weight 27 
(n=107,170 deliveries, 37-43weeks gestation). The difference between actual and 28 
predicted placental-weight generated a z-score/individual centile for the entire cohort 29 
including women with pregnancy complications (n=121,591). The association 30 
between maternal BMI and placental-weight extremes defined by the new 31 
customised versus population-based standard was investigated by logistic 32 
regression, as was the association between low placental-weight and pregnancy 33 
complications. Underweight women had a greater risk of low placental-weight 34 
[<10thcentile, OR1.84(95%CI 1.66,2.05)] and obese women a greater risk of high 35 
placental-weight [>90thcentile, OR1.98(95%CI 1.88,2.10)] using a population-36 
standard. After customisation, the risk of high placental-weight in obese/morbidly-37 
obese women was attenuated [OR1.17(95%CI 1.09,1.25)]/ no longer significant, 38 
while their risk of low placental-weight was 59 to 129% higher (P<0.001). The 39 
customised placental-weight standard was more closely associated with stillbirth, 40 
hypertensive disease, placental abruption and neonatal death than the population 41 
standard. Our customised placental-weight standard reveals higher risk of relative 42 
placental growth-restriction leading to lower than expected birthweights in obese 43 
women, and a stronger association between low placental-weight and pregnancy 44 




complications generally. Further, it provides an alternative tool for defining placental-45 
weight extremes with implications for the placental programming of chronic disease.    46 
 47 
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 50 
Introduction   51 
The size, morphology, blood flow and nutrient transport functions of the 52 
placenta are key determinants of fetal growth-velocity and birthweight1. Weighing the 53 
placenta at delivery is a potentially valuable indicator of its function in utero, and 54 
placental weight, birthweight and birthweight:placental weight have been linked to 55 
adverse perinatal outcomes and to offspring health in the longer-term1-6. Placental 56 
weight has been recorded in the Aberdeen Maternity and Neonatal Databank since 57 
the start of data collection in the 1950’s and been shown to increase linearly with 58 
BMI through underweight to morbidly-obese categories3. The association between 59 
maternal BMI at conception and adverse pregnancy outcomes, including the 60 
incidence of low and high birthweight, and small or large-for-gestational-age-birth 61 
(SGA/LGA), is well documented7-12. Accordingly, underweight women have greater 62 
relative risk of low birthweight or SGA-birth, while those who are obese at conception 63 
are protected from low birthweight, and more likely to have a macrosomic or LGA-64 
infant. As placental weight and birthweight at delivery are positively correlated it 65 
follows that these associations between BMI category and birthweight may in part 66 
reflect differences in placental size. In support, the incidence of low placental weight 67 
(<10thcentile)-for-gestational-age, defined using parity and gender-specific charts13 68 
was 50% higher in underweight women relative to normal BMI, while obese women 69 




had a two-fold greater incidence of high placental weight (>90thcentile)14. However, 70 
population-based charts do not consider maternal size and as such the strength of 71 
the association between maternal BMI and these extremes of placental weight may 72 
be being over- or understated. This may be particularly important when trying to 73 
untangle the associations between maternal nutritional status, abnormal placental 74 
development and offspring disease risk. 75 
Thus, the main objective was to develop placental weight standards that 76 
customise for maternal height and weight and examine the relationship between 77 
maternal BMI category and the risk of placental weight extremes using a population 78 
versus customised approach. Customised standards for birthweight already exist 79 
and babies identified as SGA using this method have a stronger association with key 80 
adverse pregnancy outcomes than those detected using population-based 81 
standards15-18. Accordingly, a further objective was to investigate the association 82 
between common pregnancy complications and low placental weight defined 83 
exclusively by the customised versus the population standard.  84 
 85 
Methods 86 
Study population and definitions 87 
The Aberdeen Maternity and Neonatal Databank was the source of 88 
anonymised data, and the North of Scotland Research Ethics Service granted ethical 89 
approval (REC Ref 13/NS/0050) on the basis described previously14. Data were 90 
extracted for singleton births after 24 weeks’ gestation from 1973-2013. The 91 
inclusion criteria were women whose height and weight were measured by trained 92 
staff at the first antenatal visit occurring before 24 weeks gestation (median 11 93 
weeks) and for whom parity, maternal age, placental weight, birthweight and baby-94 




gender were all documented. A number of women were excluded as their placental 95 
weights were biologically implausible (n=149) leaving a study population of 121,591 96 
deliveries. 97 
Women were categorised as underweight (<18.5kg/m2), normal (18.5-98 
24.9kg/m2), overweight (25.0-29.9kg/m2), obese (30.0-34.9kg/m2) or morbidly-obese 99 
(>35kg/m2). Information on pregnancy complications/obstetric outcomes known to 100 
vary with maternal BMI and/or placental weight3,7 were summarized and assigned 101 
binary terms. These included pre-eclampsia and gestational hypertension, placental 102 
abruption, induced labour, emergency and elective Caesarean-section, stillbirth and 103 
neonatal death (death of a live-born child within a week of delivery).  Gestational age 104 
was recorded according to the last menstrual period and confirmed by ultrasound 105 
from 1986 forwards. Gestational age and delivery type were used to identify preterm 106 
(<37weeks), very preterm (<32weeks) and spontaneously-delivered-preterm 107 
(<37weeks) infants.  108 
Births were classified as small (<10th and/or <5thcentiles) or large (>90th 109 
and/or >95thcentiles)-for-gestational-age according to population-based charts that 110 
were parity and gender-specific19. Customised birthweight standards were 111 
additionally adjusted for maternal height, weight and ethnicity as described 112 
previously20, and were determined using Gestation Related Optimal Weight (GROW) 113 
software, version 8.0.1., 2018(www.gestation.net).  114 
Placental weight standards  115 
Placentae were weighed untrimmed to the nearest 10g. Placental weight was 116 
classified as low (<10th and/or 5thcentiles) or high (>90th and/or >95thcentiles)-for-117 
gestational-age using previously published parity and gender-specific charts for the 118 
Aberdeen population13. Birthweight:placental weight extremes were similarly defined 119 




using gender-specific charts having established that parity did not significantly 120 
influence this parameter13.  121 
To derive coefficients for predicting normal placental weight, records where 122 
placental growth/function may have been compromised were excluded. This 123 
sequentially included cases of stillbirth (n=660), neonatal death (n=387), pre-124 
eclampsia/eclampsia (n=4858), placental abruption (n=1247), placenta praevia 125 
(n=474) and thromboembolism (n=312). In addition, records where either elective 126 
caesarean section (n=810) or induced labour (n=2023) occurred before 38 weeks 127 
gestation were excluded as these were likely to have been clinician-led decisions 128 
arising because of fetal wellbeing concerns including inadequate feto-placental 129 
growth. As placentae from spontaneous preterm deliveries are potentially 130 
pathological these were also excluded (n=3750). A multiple regression model was 131 
fitted using the remaining 107,170 deliveries, occurring at 37-43weeks gestation. 132 
The response variable was placental weight. The explanatory variables, which were 133 
centred around the median so that the constant term could be interpreted, were,  134 
• maternal height (median=163cm)  135 
• maternal weight at booking (62.9kg)  136 
• gestational age at delivery (GA, 40weeks) 137 
• whether nulliparous (parity0) or multiparous (parity>1).  138 
• gender included with males (+1) and females (-1). 139 
After visualisation of the relationship between placental weight and gestational age, 140 
polynomial quadratic and cubic terms were fitted for the centred gestational age at 141 
delivery, to account for the nonlinearity of the effect of GA.  The resulting regression 142 
model has a constant which is then modified by the other terms according to the 143 
maternal characteristics.  144 




For nulliparous pregnancies  145 
Predicted placental weight = 627.318+1.512*height deviation+1.946*weight 146 
deviation+7.231*sex+13.429*GA deviation-0.953*GA deviation2-0.066*GA deviation3    147 
For multiparous pregnancies the constant was 659.187g and the other coefficients 148 
were identical. 149 
Using these parity-specific regression equations, predicted placental weight was 150 
calculated for the entire data extract (including pregnancies where placental 151 
growth/function was potentially impaired), and the difference between actual and 152 
predicted placental weight determined. The cumulative probability distribution was 153 
calculated based on this difference using a standard deviation of 134.8g (estimated 154 
in the prediction model) and the resulting z-score transformed to a probability and 155 
multiplied by a hundred to derive an individual placental weight centile. These 156 
customised placental weight centiles were then categorised on the same basis as 157 
above, namely low (<10th and/or 5thcentiles) or high (>90th and/or >95thcentiles). A 158 
similar approach was applied to predicting normal birthweight:placental weight, and 159 
in this case the cumulative probability distribution was based on a standard deviation 160 
of 1.079.  161 
Predicted birthweight:placental weight = 5.597+0.0039*height deviation-162 
0.0053*weight deviation+0.0459*sex+0.0927*GA deviation-0.0169*GA deviation2-163 
0.0023*GA deviation3    164 
Data analysis 165 
Data analysis, including the development of customised placental weight 166 
standards, was carried out using Minitab (version 18, Minitab Inc., State College, 167 
PA). Maternal characteristics at the first antenatal booking appointment were 168 




compared between BMI categories by one-way ANOVA for continuous variables and 169 
Tukey’s pairwise comparisons post hoc (Table 1). Chi-square tests were used to test 170 
independence among categorical variables. Average placental weight, birthweight 171 
and birthweight:placental weight per BMI category was estimated by linear 172 
regression (General Linear Model in Minitab) with adjustment for maternal age, 173 
height, smoking-habit, parity, booking week, year of delivery, gestation age and 174 
gender (Table 1). The risk of placental weight and birthweight extremes as defined 175 
using population-based and customised weight standards in relation to maternal BMI 176 
category was assessed using binary logistic regression (Table 2). Crude (not shown) 177 
and adjusted odds ratios (OR) with 95% confidence intervals (CI) were calculated, 178 
with the normal BMI category acting as the reference group (OR=1). Adjustments 179 
were made for potential confounders as above and additionally included pre-180 
eclampsia and gestational hypertension. Logistic regression was also used to 181 
examine the association between common pregnancy complications and low 182 
placental weight defined by the population standard only, the customised standard 183 
only, or both approaches: the reference category was pregnancies where placental 184 
weight was not low by either approach (Table 3).  185 
 186 
Results 187 
Maternal characteristics and pregnancy complications 188 
Table 1 provides a summary of the maternal characteristics of 121,591 189 
individual pregnancies distributed according to BMI category measured at first 190 
antenatal booking appointment, and the incidence of pregnancy complications 191 
variously associated with BMI or placental size. Compared with the normal reference 192 
group, overweight, obese and morbidly-obese women were older, slightly shorter 193 




and less likely to be nulliparous or smokers: obese and morbidly-obese women also 194 
booked slightly earlier. In contrast, relative to the normal BMI group, underweight 195 
women were more likely to be nulliparous, have a smoking-habit, booked earlier and 196 
were younger and taller. The rates of gestational hypertension, pre-eclampsia, 197 
emergency and elective caesarean section, and induced labour increased stepwise 198 
with increasing BMI from underweight to morbidly-obese while the stillbirth-rate 199 
increased stepwise from normal to morbidly-obese. Very preterm delivery and 200 
placental abruption was most common in the underweight, obese and morbidly-201 
obese groups, and underweight mothers had a two-fold higher rate of spontaneous 202 
preterm delivery and neonatal death compared to all other BMI categories.  203 
Placental weight and birthweight extremes 204 
Both mean adjusted placental weight and birthweight increased stepwise from 205 
underweight to morbidly-obese categories. Although there is likely to be considerable 206 
variation in placental function at any given placental weight, the mass of the placenta 207 
was positively associated with birthweight for the entire population, and within each 208 
of the five BMI categories separately (range r=0.62 to 0.67, P<0.001). The incidence 209 
rate and adjusted risks for placental weight extremes in different BMI categories 210 
using population charts compared with the newly developed customised approach 211 
are detailed in Table 2 for the <10th and >90thcentiles and illustrated in Figures 1 and 212 
2 for the <5th and >95thcentiles, respectively. For the population overall, the 213 
incidence of placental weight <5thcentile was 4.2% using population charts and 3.6% 214 
for the customised approach, while for placental weight <10thcentile the incidence 215 
rate was 8.2% and 8.5% for population versus customised, respectively. The 216 
incidence of placental weight >95thcentile was 7.0% using population charts and 217 
5.5% by the customised approach, while for placental weight >90thcentile the 218 




incidence was 13.2 and 9.5% for population versus customised, respectively. When 219 
population charts were used to define placental weight categories, maternal BMI was 220 
inversely related to the incidence of low placental weight and positively related to the 221 
rate of high placental weight. Accordingly, underweight women had an increased risk 222 
of low placental weight [<10th, OR 1.84 (95%CI 1.66, 2.05)] and a reduced risk of 223 
having a large placenta [>90th, OR 0.51 (95%CI 0.44, 0.60)] relative to the normal 224 
BMI reference-group. Furthermore, across the overweight to morbidly-obese 225 
categories, women were progressively less likely to have a low placental weight and 226 
much more likely to have a high placental weight. These relationships changed 227 
markedly when maternal height and weight were taken into account. After this 228 
customisation there was no longer a risk of low placental weight <5thcentile in 229 
underweight compared with normal, and only a slight increased risk (20%) using the 230 
<10thcentile cut-off. Furthermore, overweight, obese and morbidly-obese women 231 
were now at greater risk of low placental weight with upward increments in BMI; for 232 
the morbidly-obese group the risk was three-fold higher than normal [<5thcentile, OR 233 
3.00 (95%CI 2.67, 3.36), Figure 1]. Conversely, and as expected, these 234 
overweight/obese women now had a much attenuated, yet still significant risk of high 235 
placental weight (16% versus 55, and 17% versus 98%, Table 2), but there was no 236 
risk what-so-ever in the morbidly-obese group using either >90th or >95thcentile cut-237 
offs. This reversal of the relationship between maternal BMI and placental weight 238 
extremes was largely mirrored by the birthweight data. Thus, both the incidence and 239 
adjusted risk of SGA-birth was low in overweight and obese women as defined using 240 
population birthweight charts, but when the customised GROW approach was used 241 
the relative risk was enhanced. For morbidly-obese women this equated to a 56% 242 
and 65% increase at <10thcentile and <5thbirthweight centiles, respectively. Similarly, 243 




a graded increase in the risk of LGA-birth was evident from overweight to morbidly-244 
obese categories using population centiles, but this disappeared in obese women 245 
when the customised approach was used.  246 
The birthweight:placental weight ratio is commonly used as a proxy for 247 
placental efficiency, and the adjusted mean decreased through the underweight to 248 
obese/morbidly-obese categories (Table 1). Likewise, the frequency and adjusted 249 
risk of low assumed ‘placental efficiency’ <10thpopulation centile was greatest in the 250 
morbidly-obese group (Table 2) but after taking account of maternal size this 251 
situation was again reversed [OR 1.41 (95%CI 1.29, 1.53) versus OR 0.71 (95%CI 252 
0.62, 0.82), both P<0.001].  253 
Population versus customised weight standards  254 
The exclusivity or otherwise of defining low placental weight (<10thcentile) and 255 
SGA-birth using population versus customised weight standards was determined for 256 
the entire cohort. For low placental weight: 65.3% of affected pregnancies were 257 
classified as such using both methods, while 15.5% were exclusively categorised as 258 
growth-restricted by the population placental standard only, and 19.2% by the 259 
customised placental standard only. For these three groups 6.1, 3.0 and 9.6% of 260 
deliveries occurred before 37 weeks gestation. For SGA-births: 67.3% were 261 
classified as small using both methods, 11.8% by the population birthweight 262 
standard only, and 20.9% exclusively by the customised standard.  Figure 3 serves 263 
to emphasise the proportion of deliveries that would potentially be missed if only one 264 
approach was used – as expected this differs markedly by BMI category, particularly 265 
in underweight versus morbidly-obese groups.  The adjusted placental weight and 266 
birthweight for all pregnancies defined as SGA using the contrasting approaches is 267 
shown (Figure 3). When SGA was defined using population charts, placental weight 268 




and birthweight were generally similar across BMI categories. However, using the 269 
customised approach, the relationship was linear with ever-greater BMI and the 270 
average differential in placental weight and birthweight between underweight and 271 
morbidly-obese categories was 63g and 257g, respectively.  272 
Low placental weight standards and pregnancy complications 273 
Odds ratios for the association between low placental weight-for-gestational-274 
age and several common pregnancy complications are detailed in Table 3 for the 275 
entire cohort delivering between 24 and 43weeks of gestation, and for deliveries 276 
between 37 and 43weeks gestation only. For the entire cohort, when low placental 277 
weight was exclusively defined by the population standard there was no association 278 
with the adjusted risk of stillbirth, preeclampsia, gestational hypertension, placental 279 
abruption or neonatal death, but when low placental weight was defined using the 280 
customised standard only, significantly enhanced risks were revealed for each of 281 
these complications (all P<0.001). Broadly similar relationships were evident when 282 
the analysis was confined to term deliveries. Moreover, for each pregnancy 283 
complication, the logistic regression model using customised centiles had a lower 284 
deviance than that observed using population centiles, demonstrating that they are 285 
always a better predictor of potential problems. 286 
 287 
Discussion 288 
This is the first study to derive coefficients for predicting normal placental 289 
weight in nulliparous and multiparous women of differing height and weight with 290 
singleton deliveries. The resulting equations, and the difference between actual and 291 
predicted placental weight at delivery, allowed an individual customised placental 292 
weight centile to be generated. The relationship between maternal BMI category and 293 




the risk of abnormal placental weight was then quantified and compared with an 294 
existing population-based approach. Using population charts, obese and morbidly 295 
obese women had a greater risk of high placental weight (>90th centile) but after 296 
taking account of individual height and weight, in addition to parity, baby gender and 297 
gestational age, this relationship was attenuated or no longer significant. This 298 
suggests that greater placental weight associated with maternal obesity in this and 299 
previous studies3,4,21,22 is over-emphasised, and that placental weight is 300 
proportionate to maternal size for more women than hitherto suggested. Further, it is 301 
this relative placental weight which is of clinical relevance, particularly when the 302 
predicted placental weight for any given size of women is not achieved. Similarly, we 303 
found no substantive evidence of abnormal presumed placental efficiency in obese 304 
women once height and weight were accounted for although we acknowledge that 305 
others report obesity-related alterations in placental transport and metabolism23,24, 306 
placental pathology25,26 and pro-inflammatory cytokine gene expression27 that are not 307 
necessarily reflected by changes in placental size. Importantly, when placental 308 
weight was defined using customised standards, both obesity and morbid-obesity 309 
were associated with a markedly enhanced incidence and risk of abnormally low 310 
placental weight; at the <5thcentile the adjusted risk was 75 to 200% higher than 311 
normal. This reversal of the relationship between maternal BMI and extremes of 312 
placental weight was paralleled by the birthweight data. Thus, consistent with 313 
previous comparisons, obesity was a major risk factor for SGA-birth when the 314 
GROW customised weight centiles were used to define birthweight and important 315 
confounders such as maternal age, smoking habit and hypertensive disease were 316 
adjusted for28,29. Hence in a proportion of women, maternal obesity is associated 317 
with an increased risk of relative placental growth-restriction and failure of the fetus 318 




to achieve its prenatal growth potential, leading to lower than expected birthweights 319 
for maternal size.  320 
A further objective was to investigate the association between common 321 
pregnancy complications and low placental weight defined exclusively by the 322 
customised versus the population standard, or by both approaches. This revealed 323 
considerable overlap in the proportion of placental weights defined as abnormally 324 
low using the population and customised approaches (65%), but prior studies 325 
indicate that customised birthweight standards, with a strikingly similar degree of 326 
overlap (67%), offer better identification of risk for a range of pregnancy outcomes, 327 
including threatened preterm labour, stillbirth, hypertensive-disease, antepartum-328 
haemorrhage and neonatal death15-17. Moreover, the relationships were strongest for 329 
the subgroup that was unrecognised or missed by the population standard15. Our 330 
novel data for pregnancy complications associated with low placental weight-for-331 
gestational-age are largely commensurate with these findings and are supportive of 332 
the assertion that customised standards that take account of maternal size improve 333 
the differentiation between the physiologically-small and pathologically-small 334 
placenta/baby18. The current database was not large enough to specifically test 335 
whether these effects differed by BMI category, but 47% of women identified as 336 
having low placental weight by the customised standard only were either obese or 337 
morbidly-obese, implying that relatively impaired placental growth and function is 338 
likely to be an important mediator of the adverse pregnancy outcomes linked to 339 
maternal obesity30,31. The weight of the baby depends heavily on placental function 340 
as well as its mass, and although our approach helps identify relative placental 341 
growth-restriction that would be missed by population charts particularly in obese 342 
women, we were unable to additionally directly measure accepted indices of 343 




placental haemodynamic, endocrine or nutrient transfer function in individual cases. 344 
Nevertheless, this could be a productive area for future research helping to better 345 
define which aspects of placental growth and function are most sensitive to 346 
differences in maternal nutrient status.  347 
As this is the first study to derive coefficients for predicting normal placental 348 
weight in women of differing height and weight there are no direct comparisons with 349 
other studies.  The differential in the placental weight constant from the regression 350 
equation for nulliparous versus multiparous women was 31.8g. This was very similar 351 
to the effect of parity reported previously for our population-based charts13 and in 352 
studies involving Norwegian and Japanese women32,33. Herein the gender difference 353 
in predicted placental weight (14.5g, males>females) also mirrored that reported for 354 
several ethnically diverse populations (range 10-20g)33-36.    The approach described 355 
herein allows height and weight to be accounted for in each maternity separately. 356 
Nevertheless, for comparative purposes if we assume no deviation from average 357 
height and a 2.6kg deviation in weight, equating one BMI-unit, the predicted 358 
difference in placental weight is 5.1g per BMI-unit. This value for women with normal 359 
placental growth is understandably slightly higher than the estimated increase in 360 
placental weight of 4.5g per BMI-unit derived for the entire cohort, irrespective of 361 
pregnancy outcome, as the latter includes pregnancies with known placental 362 
pathology (Table 1). Furthermore, it agrees well with adjusted estimates in studies of 363 
healthy pregnant women from the Netherlands, and in both cohort and population-364 
wide studies in Norway (range 3.6-6.7g placenta per BMI-unit)21,22,36. Taken together 365 
this strong consensus between studies for the influence of parity, gender and BMI on 366 
placental weight helps validate our approach and suggests that the individual 367 
coefficients generated by our regression model are likely to be relevant to other 368 




populations. Nonetheless, we accept that external validation in a separate cohort is 369 
required to confirm reliability of the entire regression equation across settings.    370 
A strength of the study is that height and weight were measured at the first 371 
hospital booking appointment in a large number of women whose pregnancies were 372 
well characterised and where placental weight was recorded at delivery. The 373 
placenta was weighed untrimmed but strong correlations (r=0.98) between trimmed 374 
and untrimmed weights have been reported37. Although the data were collected over 375 
a 40-year period they were adjusted for year of delivery. A limitation of our study was 376 
the inability to adjust for pre-existing or gestational diabetes. 377 
 378 
Conclusion 379 
We produced customised placental weight standards that can be used to 380 
define abnormal placental growth in women of all sizes. This novel approach could 381 
help better define the relationship between placental growth and its eventual size, 382 
perinatal outcomes and lifelong disease risk. Given that SGA per se is challenging to 383 
detect antenatally in obese women38, the placenta, which is routinely assessed for 384 
location, cord insertion and structure, arguably offers an alternative target that could 385 
be assessed at an earlier stage of pregnancy when the clarity of the image is better. 386 
In support, measuring placental volume by 3-dimensional ultrasound in the first 387 
trimester is an effective predictor of SGA39 and LGA-birth40, and importantly is 388 
correlated with placental weight at delivery41. However, the real value of producing 389 
customised placental weight standards to more accurately diagnose relative growth-390 
restriction and/or oversize in women of varying height and weight may lie beyond the 391 
perinatal period as placental phenotypes, including extremes of weight, are 392 
considered a central driver of many adult-onset chronic diseases1,2,6. Indeed, the 393 




placenta influences the ontogeny of most major fetal organ systems and placental 394 
weight, shape and size have already been linked to an elevated risk of hypertension, 395 
heart disease and specific cancers42. On this basis we suggest that recording 396 
placental weight requires to be integrated into routine clinical care across 397 
populations and settings.   398 
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Figure Legends  542 
Figure 1. Adjusted risk (OR and 95% CI) for low placental weight (a and b) and 543 
small-for-gestational-age (SGA) birth (c and d), both <5th centile, by BMI category at 544 
booking using population charts (a and c) or the customised approach (b and d). 545 
***P<0.001 relative to the normal BMI reference category. See methods text for 546 
details of adjustments for potential confounders.  547 
Figure 2. Adjusted risk (OR and 95% CI) for high placental weight (a and b) and 548 
large-for-gestational-age (LGA) birth (c and d), both >95th centile, by BMI category at 549 
booking using population charts (a and c) or the customised approach (b and d). 550 
**P<0.01 and ***P<0.001 relative to the normal BMI reference category. See 551 
methods text for details of adjustments for potential confounders.  552 
 553 
Figure 3. Percentage of women per BMI category at booking with low placental 554 
weight (a) or small-for-gestational-age (SGA) birth (b), both <10th centile, defined 555 
using population charts only [open bar], the customised approach only [grey bar] or 556 
by both approaches [hatched bar]. Mean (±SEM) placental weight (c) and birthweight 557 
(d) for all births defined as SGA per BMI category using population charts [open bar] 558 
versus the customised approach [grey bar]. Linear regression model adjusted for 559 
maternal age, height, smoking habit, booking stage, year of delivery, gestation age 560 
and baby sex. Within each classification method, where BMI categories have a 561 









Table 1. Maternal characteristics, birthweight, placental weight and the incidence of key pregnancy complications in relation to BMI category at 
booking.  
 Underweight Normal Overweight Obese Morbidly Obese  
 BMI<18.5 BMI 18.6-24.9 BMI 25-29.9 BMI 30-34.9 BMI >35 P value 
 n=2953 n=72351 n=31215 n=10020 n=5052  
Age (years) 25.8±5.55d 27.7±5.47c 28.5±5.43b 28.6±5.44b 29.2±5.27a <0.001 
Height (cm) 163.4±6.71a 162.6±6.42b 162.1±6.48d 162.3±6.61c 162.2±6.41cd <0.001 
Weight (kg) 47.3±4.32e 58.7±6.24d 71.1±6.77c 84.6±7.92b 102.9±12.96a <0.001 
BMI (kg/m2) 17.7±0.73e 22.2±1.65d 27±1.39c 32.1±1.42b 39±3.90a <0.001 
Booking week 11±3.48c 11.9±4.11a 11.9±4.46a 11.3±4.27b 10.8±4.14c <0.001 
Smoking habit 1077 (36.5)a 18626 (25.7)b 7513 (24.1)c 2475 (24.7)c 1086 (21.5)d <0.001 
Smoking unknown 373 (12.6)a 11779 (16.3)b 4810 (15.4)c 1313 (13.1)a 538 (10.6)d <0.001 
Nulliparity 1678 (56.8)a 36932 (51.0)b 14032 (44.9)c 4137 (41.3)d 1914 (37.9)e <0.001 
Female baby 1503 (50.9)a 35202 (48.6)b 15066 (48.3)b 4912 (49.0)ab 2394 (47.4)b 0.022 















Placental abruption 53 (1.8)ac 980 (1.4)b 463 (1.5)ab 162 (1.6)a 122 (2.4)c <0.001 







































































Stillbirth 14 (0.5)abc 327 (0.4)a 183 (0.6)b 79 (0.8)c 57 (1.1)d <0.001 
Neonatal death 18 (0.6)a 224 (0.3)b 99 (0.3)b 33 (0.3)b 13 (0.3)b 0.073 
¥Placental wt, g 582±2.5a 620±0.6b 647±0.8c 664±1.4d 678±1.9e <0.001 
¥Birthweight, g 3143±7a 3311±2b 3414±2c 3471±4d 2517±6e <0.001 


















Values are mean ± standard deviation, or number (percent). Within rows values with a superscript letter in common are not different from each 
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Table 2. Frequency rate and adjusted odds ratios for placental weight and birthweight extremes in different BMI categories using population 
charts compared with the customised approach. Reference category is Normal BMI (OR=1) 
  Underweight Normal Overweight Obese Morbidly Obese 
  BMI<18.5 BMI 18.6-24.9 BMI 25-29.9 BMI 30-34.9 BMI >35 
  n=2953 n=72351 n=31215 n=10020 n=5052 
Placental weight 
<10th, population 
ßRate, n (%) 
¥Adjusted OR(95%CI) 
433 (14.7)a 




0.70 (0.66, 0.73)*** 
549 (5.5)d 
0.62 (0.56, 0.68)*** 
237 (4.7)e 
0.54 (0.47, 0.62)*** 
Placental weight 
<10th, customised 
Rate, n (%) 
Adjusted OR (95%CI) 
268 (9.1)c 




1.11 (1.05, 1.16)*** 
1122 (11.2)b 
1.59 (1.49, 1.71)*** 
757 (14.9)a 
2.29 (2.10, 2.49)*** 
SGA <10th, 
population 
Rate, n (%) 
Adjusted OR (95%CI) 
595 (20.1)a 




0.65 (0.62, 0.68)*** 
694 (6.9)d 
0.57 (0.52, 0.62)*** 
303 (6.0)e 
0.50 (0.44, 0.57)*** 
SGA <10th, 
customised 
Rate, n (%) 
Adjusted OR (95%CI) 
469 (15.9)a 




0.98 (0.94, 1.03) 
1287 (12.8)c 
1.22 (1.14, 1.30)*** 
794 (15.7)a 




Rate, n (%) 
Adjusted OR (95%CI) 
247 (8.4)a 




1.16 (1.11, 1.21)*** 
1241 (12.4)c 
1.33 (1.24, 1.42)*** 
664 (13.1)c 




Rate, n (%) 
Adjusted OR (95%CI) 
205 (6.9)b 




0.97 (0.92, 1.01) 
560 (5.6)a 
0.92 (0.84, 1.01) 
230 (4.6)c 
0.71 (0.62, 0.82)*** 
Placental weight 
>90th, population 
Rate, n (%) 
Adjusted OR (95%CI) 
176 (6.0)a 




1.55 (1.49, 1.61)*** 
2017 (20.1)d 
1.98 (1.88, 2.10)*** 
1175 (23.2)e 
2.32 (2.16, 2.49)*** 
Placental weight 
>90th, customised 
Rate, n (%) 
Adjusted OR (95%CI) 
191 (6.5)c 




1.16 (1.11, 1.22)*** 
1099 (11.0)a 
1.17 (1.09, 1.25)*** 
509 (10.1)a 
1.02 (0.93, 1.13) 
LGA >90th, 
population 
Rate, n (%) 
Adjusted OR (95%CI) 
80 (2.7)a 




1.74 (1.67, 1.83)*** 
1531 (15.3)d 
2.37 (2.22, 2.52)*** 
966 (19.1)e 
3.03 (2.79, 3.28)*** 
LGA >90th, 
customised 
Rate, n (%) 
Adjusted OR (95%CI) 
238 (8.1)a 




1.09 (1.05, 1.14)*** 
1169 (11.7)bc 
1.00 (0.93, 1.07) 
538 (10.6)b 




Rate, n (%) 
Adjusted OR (95%CI) 
336 (11.4)a 




0.86 (0.82, 0.90)*** 
832 (8.3)c 
0.86 (0.79, 0.92)*** 
376 (7.4)c 




Rate, n (%) 
Adjusted OR (95%CI) 
211 (7.1)b 




0.94 (0.89, 0.99)* 
724 (7.2)c 
1.05 (0.97, 1.14) 
393 (7.8)c 
1.16 (1.04, 1.30)** 
ßFor frequency rate, values within rows with a superscript letter in common are not different from each other, P>0.05.  ¥Odds ratios (OR) and 
95% confidence limits (CI) from logistic regression *P<0.05, **P<0.01, ***P<0.001 relative to Normal BMI reference group. Models adjusted for 
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maternal age, height, smoking habit, parity, booking week, year of delivery, baby gender, gestational age and the occurrence of hypertensive 






Table 3. Adjusted odds ratio (OR with 95% confidence intervals) for pregnancy complications in relation to low-for-gestational-age  
placental weight defined using the population standard only, the customised standard only, and by both approaches for the entire  
cohort delivering between 24 and 43 weeks of gestation (a) and for deliveries between 37 and 43 weeks of gestation only (b). 
Reference category is maternities where placental weight is not low by either method, OR=1 
 
Pregnancy Complication, incidence Placental weight 
not low by any 
method:  
For (a) n=109,389 
For (b) n=103,283 
Low placental weight 
- population only: 
 
For (a) n=1891 
For (b) n=1834 
Low placental weight 
by both approaches   
 
For (a) n=7973 
For (b) n=7379 
Low placental weight 
- customised only  
 
For (a) n=2338 





1.44 (0.76, 2.71) 
1.74 (0.77, 3.94) 
6.02 (5.01, 7.23)*** 
5.87 (4.50, 7.67)*** 
11.58 (9.18, 14.59)*** 





1.18 (0.94, 1.47) 
1.30 (1.03, 1.63)* 
1.59 (1.43, 1.76)*** 
1.28 (1.13,1.44)*** 
3.48 (3.05, 3.97)*** 
1.82 (1.47, 2.24)*** 
(a)Gestational hypertension, n=17035 
(b)Gestational hypertension, n=16348 
1 
1 
0.89 (0.78, 1.01) 
0.88 (0.77, 1.00) 
1.03 (0.97, 1.10) 
1.01 (0.95, 1.08) 
1.31 (1.16, 1.47)*** 
1.46 (1.29, 1.66)*** 
(a)Induced labour, n=32941 
(b)Induced labour, n=31255 
1 
1 
1.15 (1.04, 1.27)** 
1.12 (1.01, 1.24)* 
1.23 (1.17, 1.29)*** 
1.20 (1.14, 1.26)*** 
1.32 (1.21, 1.45)*** 
1.45 (1.31, 1.60)*** 
(a)Placental abruption, n=1780 
(b)Placental abruption, n=957 
1 
1 
0.97 (0.65, 1.47) 
1.01 (0.68, 1.76) 
2.28 (1.97, 2.63)*** 
2.02 (1.67, 2.45)*** 
5.26(4.41, 6.27)*** 
1.48 (1.01, 2.31)* 
(a)Neonatal death, n=387 
(b)Neonatal death, n=160 
1 
Insufficient n 
0.73 (0.27, 1.99) 
- 
2.91 (2.19, 3.87)*** 
- 
12.26 (9.25, 16.26)*** 
- 
Odds ratios and 95% confidence limits from logistic regression, **P<0.01, ***P<0.001 relative to placental weight not low by  
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Placenta<10th, both approaches
Placenta<10th, population only
Placenta<10th, customised only
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